7
(25887-26125). Values shown are the mean of triplicate independent determinations within an 123 experiment, and are representative of multiple independent experiments. 124
Antibodies. Proteins were detected using the following antibodies: anti-FLAG rabbit polyclonal 125 serum (Sigma) at 1:10,000 for western blotting and at 1:1000 for immunofluorescence; AbJLB1 126 rabbit polyclonal serum to Ad5 late proteins at 1:10,000 (16); rabbit anti-L4-100K (W. C. Russell, 127
University of St Andrews) at 1:10,000 for western blotting and 1:1000 for immunofluorescence; 128 rabbit anti-L4-33K at 1:1000 (18); mouse anti-DNA binding protein MAb B6-8 at 1:10,000 (40); 129 anti-E4-Orf3 (6A11) rat monoclonal antibody at 1:500 (34); rabbit anti-IVa2 at 1:10,000 (7); and 130
anti-β-tubulin mouse mAb (Sigma) at 1:200. Secondary antibodies were goat-anti-mouse IgG-131 horseradish peroxidise (HRP) conjugate (Sigma) at 1:5000, goat-anti-rabbit IgG-HRP (Santa 132 Cruz) at 1:100,000, goat-anti-rat IgG-HRP (Chemicon) at 1:100,000 and Alexafluor594 goat-133 anti-rabbit IgG (Invitrogen) at 1:500. 134
Protein Expression Detection. Transfections used 500ng pA-22KFLAG or pA-22/33KFLAG 135 alone or co-transfected with either 1µg linear viral genome or 500ng various expression plasmids. 136
All transfections were equalised for DNA content by the addition of either salmon sperm DNA or 137 empty vector to account for the absence of genome or expression plasmid respectively. 138
Transfected cells were harvested 48h post-transfection and FLAG-tagged proteins isolated using 139 anti-FLAG (M2) agarose as described previously (21). Samples corresponding to 50% volume of 140 immunoprecipitated proteins and 1-2% volume of cell lysates taken prior to immunoprecipitation 141 were resolved through either 10% or 15% SDS-polyacrylamide gels as appropriate. Proteins were 142 transferred to ECL nitrocellulose membrane (GE Healthcare) and western blot analysis carried 143 out as described (29) using horseradish peroxidise-conjugated secondary antibodies and detection 144 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from 8 via ECL-Advance (GE Healthcare). Immunofluorescence was performed as previously described 145 (28). 146
Results 147

Expression of Ad5 L4 22/33K and 100K proteins is separately regulated 148
Early data showing that L4 mRNAs accumulated before those from L2, L3 and L5 during the 149 onset of the late phase suggested that L4 expression might be regulated differently from other 150 MLTU regions although transcription rate data did not suggest any additional promoter within 151 the MLTU (25). L4 encodes several proteins (Fig. 1B) . During attempts to produce stable cell 152 lines expressing L4-100K, 22K and 33K proteins from a shortened MLTU under control of a 153 tetracycline-regulated promoter ( Fig. 2A ), cells were repeatedly obtained that showed correctly 154 inducible 100K expression but constitutive expression of 33K (Fig. 2B ). Similar constructs 155 designed to express just the 22K and 33K proteins also gave only constitutively expressing cell 156 lines (Fig. 2C ) while the shuttle plasmids (Fig. 2D) used to produce these cell lines produced 157 readily detectable 33K in transient assays despite lacking any known promoter (Fig. 2E, F) . 158
Removal from these constructs of all Ad5 sequence upstream of the L4-33K reading frame 159 abolished this expression (Fig. 2E) . These results suggested that L4 22/33K could be expressed 160 from a novel viral promoter, independent of the Ad5 MLP. 161
Ad5 L4 contains a promoter for 22K/33K expression 162
The promoterless shuttle plasmids, which nonetheless expressed L4-33K, retained the Ad5 DNA 163 that encodes the tripartite leader (TPL) which is spliced onto all MLP-encoded mRNAs during 164
Ad infection. However, this was not required for L4-22/33K expression as plasmids lacking this 165 TPL-encoding sequence were equally capable of expressing these proteins (data not shown). 166
Attention therefore focused on the 177 bp of L4 DNA upstream of the 22/33K start codon also 167 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from 9 present in these constructs, which was hypothesised to contain a promoter for L4 22/33K 168 expression. When this sequence plus 100 bp of the downstream 22/33K reading frame (Fig. 3A,  169 construct B) was placed in front of a promoterless luciferase reporter gene, it caused a modest 4-170 fold increase in activity (Fig. 3B) . However, extending the sequence further upstream to position 171 25887 increased activation to 40-fold (Fig. 3B, construct E) . Similar analysis of a series of 172 constructs with different lengths of Ad sequence showed an essential sequence for the L4 173 promoter was located between 26018 -26098 bp. This sequence alone activated luciferase 174 expression more than 10-fold (Fig. 3B , construct D) and its deletion from the full promoter 175 completely destroyed activity (Fig. 3C , construct I). Including sequence upstream of this essential 176 sequence to position 25887 greatly increased promoter activity, while sequences downstream to 177 26125 were repressive; however, the presence of the upstream sequences overcame this 178 repressive effect (Fig. 3B) . The full L4 promoter (L4P), which gave >80-fold increase in activity 179 over background, was therefore designated as Ad5 position 25887 -26125. The addition of 180 further downstream sequence, to position 26296, gave lower activity than the full promoter, 181 possibly because this sequence includes the L4 22/33K AUG, which would reduce translation 182 from the luciferase start codon. Alternatively, this decrease in activity may be due to negative 183 control elements within the extended region. 184
Previously described Ad5 promoters are activated by the E1A proteins that are produced in the 185 earliest stages of infection. These E1A proteins are constitutively expressed in 293 cells, where 186 L4P activity was first detected (Fig. 3B) . The importance of E1A to L4P activity was therefore 187 tested in HeLa cells, in which basal activity of the promoter was very low. Activity was increased 188 40-fold by E1A, whereas adding further E1A in 293 cells gave only a 6-fold enhancement of a 189 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from much higher basal level (Fig. 3D) . Thus the L4P is responsive to E1A. Co-transfection of wt Ad5 190 genome also strongly activated the promoter (Fig. 3D) (Fig. 6A, B) , although it was less potent than intact genome. 251 Ad5 E4 Orf3 and E4 Orf6 were also tested for effects on L4 protein expression, initially because 252 these proteins had been shown to affect MLTU splicing during Ad infection (36, 37) and it was 253 conceivable that part of the induction of 22K by genome was by altering the splicing balance 254 between 22K and 33K expression. However, both 22K (from pA-22KFLAG) and 33K (from pA-255 22/33KFLAG) were induced by exogenous E4-Orf3 (Fig. 6C) suggesting this was not the case. 256
Moreover, Orf3 activated L4P while Orf6 did not (Fig. 6A, E) . Thus Orf3, like IVa2, is an 257 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from 13 activator of L4P. Furthermore, this activity was retained by mutant Orf3 N82A (Fig. 6D) , a 258 protein which is defective in other Orf3 activities. 259
The fact that highly fragmented genome (digest 2: 77 fragments) was still able to activate L4P to 260 some extent (Fig. 5A ), even though it was incapable of replicating or expressing any viral 261 proteins other than potentially IX, which did not activate in trans, suggested that a general stress / 262 DNA damage response, consequent upon the transfection of this fragmented DNA, might be 263 affecting the promoter. During infection, replicating linear adenovirus genome also activates this 264 response. In support of this idea, a non-specific fragmented DNA also activated L4P (Fig. 5C) . 265
Fragmentation of the DNA was clearly the critical factor in this activating response since the 266 same DNA was used unfragmented as the transfection control in all these experiments and had no 267 effect on the promoter. Cellular responses to double-strand DNA breaks are signalled via the 268 kinase ATM, which is inhibited by caffeine. However, caffeine treatment did not inhibit L4P 269 activation by digested genome (Fig. 5D ). Thus the mechanism by which L4P is activated by 270 fragmented DNA remains unclear. 
Differences were observed between the activity of L4P when incorporated into 293-based cell 312 lines within an inducible expression cassette and when used transiently to drive L4-22K/33K 313 expression. In the former case, expression of L4 proteins (via their FLAG tag) was detectable 314 without additional inducers, whereas the plasmid-based promoter required induction by one or 315 more of several factors in order for its protein product to be detected. There are two potential 316 reasons for this difference. First, the level of protein detected in cell lines reflects accumulation to 317 steady state over a considerable time whereas in a transient assay the level of protein observed is 318 more dependent on its rate of synthesis. Second, the basal activity of L4P appears to be sensitive 319 to the state of the cells since, in some transient assays, a low level of 22K was detected from L4P 320 in the absence of genome and we have shown L4P induction by fragmented DNA, a known cell 321 stressor. Because the cell lines were maintained in a cocktail of drugs to maintain the appropriate 322 selection regime, this may also have imposed a stress on the cells that served to activate L4P. 323
There were also differences in the requirement for specific activators to observe detectable L4P 324 activity between the natural context where L4P was driving expression of L4-22K and the 325 on July 10, 2017 by guest http://jvi.asm.org/ Downloaded from luciferase reporter context. In the natural context, activity was highly dependent on activators 326
provided by viral genome while considerable luciferase reporter activity was seen in the absence 327 of activation, although this was further increased by trans-activation. We believe this difference is 328 likely to be due to the presence of negative regulatory elements downstream of our mapped 329 promoter region, within the 22/33K coding sequence. 330
The DNA sequence within the mapped L4P contains potential binding sites for a large number of 331 transcription factors, including known mediators of E1A activation such as E2F and ATF that 332 may well be significant in the activity of L4P as well as numerous other factors, the significance 333 of which cannot be predicted. It is notable that there is no obvious TATA box in the promoter 334 region and in this respect L4P is similar to the IVa2 promoter, which depends for its activity on 335 an initiator element at the transcription start site (12) . However, the functional significance of this 336 lack of TATA box is uncertain since TATA boxes, although once thought to be fairly ubiquitous 337 
